The fusion zone and the heat-affected zone (HAZ) microstructures obtained during electron beam welding of thermomechanically processed INCOLOY 903 have been characterized by analytical electron microscopy. The microsegregation observed during solidification in the fusion zone indicates that while Fe and Co segregate in the gamma dendrites, Nb, Ti, and C are extensively rejected into the interdendritic liquid. Electron diffraction and energy dispersive X-ray microanalyses on secondary phases extracted from the fusion zone, from the HAZ microfissures, and fromthe HAZ grain boundaries on carbon replicas established the major secondary solidification constituent formed from the interdendritic liquid to be cubic niobium-rich MC carbides. Laves phase was observed only in trace amounts. Continuous sheets of the MC carbides were observed in the HAZ grain boundary microfissures, while the HAZ grain boundaries that resisted microfissuring were devoid of the continuous sheets of carbides and/or extensive fine carbide precipitation. The microstructure observed in the HAZ microfissures suggests grain boundary liquation and formation of low melting liquid films enriched in niobium and carbon. The liquid originates primarily from the constitutional liquation ofprimary MC carbides, MNP phosphides, and fine MC carbides already present on the grain boundaries of the base metal. The solidification pattern ofthe liquid films on the microfissures is observed to follow a similar pattern as that ofthe fusion zone. The observation of microfissuring on boundaries which show continuous and/or semicontinuous sheets of resolidified structure suggests that HAZ microfissuring occurs due to the presence of low melting liquid films. The existence of continuous and/or semicontinuous liquid films and the added presence of phosphorus in them appear to be one of the major causes for extensive HAZ microfissuring in thermomechanically processed INCOLOY 903.
I. INTRODUCTION
THE microstructure of the fusion zone of superalloy welds typically consists of dendritic gamma matrix and phases formed during the terminal solidification of the interdendritic liquid. The nature ofthe constituents formed during interdendritic terminal solidification is of fundamental importance in determining the properties ofweldments of superalloys. The formation of terminal solidification constituents accompanies an extension of the temperature range over which solidification takes place. The presence of a liquid phase from which terminal solidification constituents form at a lower temperature has been shown by several investigators [Z-Sl to be responsible for hot cracking of weldments. Even a small volume fraction ofterminal solidification constituent involving topologically closed-packed phases can be detrimental to an alloy's resistance to hot cracking, t51 In several Nb-containing iron-base and nickel-base austenitic superalloys, the presence of a Laves phase in the terminal solidification constituents has been observedt6,v] to be detrimental to weld metal hot cracking resistance. During solidification of the welded regions, the gamma dendrites selectively reject alloying elements, such as Nb and Ti, to the interdendritic liquid. In nickel-base superalloys, the interdendritic liquid is depleted in nickel while being enriched in Nb and Ti.t41 The 900 series superalloys, based on the Fe-Ni-Co system, have been designed for low coefficients of thermal expansion as well as ambient and elevated-temperature strength,m'9'l°l The 900 series alloys are primarily strengthened by Ni3(A1, Ti, Nb) y' phase. Depending on the carbon content, Nb-rich cubic MX carbides/ carbonitrides can form both during ingot solidification and in the solid state during therrnomechanical processing and heat treatment. It has been shownILIA2] that in INCOLOY 903,* which is the most widely used alloy *INCOLOY is a trademark of Inco Alloys International Inc., Huntington, WV.
of the 900 series, under certain processing conditions, an orthorhombic MNP-type phosphide (E phase), along with fine carbides, can also precipitate on the grain boundaries. It was also suggested that some boron substitution for phosphorus may occur in MNP phosphides. In INCOLOY 903, overaging and/or high-temperature solution treatments in the temperature range of 875°C to 900°C lead to the formation of needle-shaped, orthorhombic Ni3(Nb, Ti) 6 phase,t131
However, like many other nickeland nickel-iron-base superalloys, HAZ cracking susceptibility is a problem that plagues the 900 series superalloys. Heat-affected zone cracking susceptibility is known to depend upon the composition and microstructure of a material, both of which have already been optimized for acceptable mechanical properties. In the 900 series alloys, Ernst et al. [l°j have observed the gamma/Laves-phase eutectic constituent to increase with an increase in the amount of Nb and Si in the alloy. Solidification cracking in 900 series alloys has been reported to occur exclusively along grain boundaries in the solidified fusion zone and is suggested to be associated with segregation of Nb, Ti, and Si to these boundaries, which form a low melting point terminal Laves/gamma eutectic constituent,t~°j Previous research on the weldability of INCOLOY 903 indicates the alloy to be prone to HAZ liquation cracking. t9-1L14,Sj In a study of fusion zone and HAZ microstructures in INCOLOY 903, Baeslack and co-workers t9, 1°J reported the occurrence of gamma/Laves-phase eutectic as the primary terminal solidification constituent. They also observed some fine carbides and attributed them to form as a result of a second eutectic reaction. Extensive regions of partial melting in the HAZ were also reported. Baeslack and co-workers tg,°l suggested that HAZ liquation involved the constitutional liquation ofNb-rich carbides with the simultaneous formation of a low melting Laves eutectic. They also attributed the solidification cracking in double-pass welds of INCOLOY 903 as occurring due to the constitutional liquation of Laves phase. However, no comprehensive study of fusion zone and HAZ microstructures in INCOLOY 903 complimenting optical and scanning electron microscope (SEM) observations with analytical electron microscopy exists. Hence, the present investigation was undertaken to characterize the fusion zone and HAZ microstructures in electron beam-welded INCOLOY 903 by analytical electron microscopy.
II. EXPERIMENTAL
An extruded billet ofalloy 903, 11.4 cm in length and 15.2 cm in diameter, was soaked for 1 hour at 1095°C and upset forged, punched, and sheared into a 6.4-cmthickring of 7.6-cm internal diameter. The ring was then hot forged in five stages into a cylindrical ring of 26.7-cm outer diameter, 19.4-cm internal diameter, and 4.6 cm in length. Preceding every stage, the temperature of the workpiece was raised to 840°C by soaking it for a short period oftime. In every stage of forging, the ring was also hot rolled via rollers in the circumferential direction to obtain the required dimensions. The ring was given a solution treatment of 1 hour at 840°C following the finalstage of processing. Samples from this thermomechanically processed alloy were electron beam welded with point focus and at a working distance of 38.1 cm. The electron beam had an accelerating voltage of 44 kV and a current of 45 mA. The welding speed was 152.4 cm/min.
It was observed from a statistically designed factorial studyt16j that the welding conditions used in the present investigation lead to extensive HAZ microfissuring in thermomechanically processed INCOLOY 903. The welding conditions were specifically chosen as the aim here, and our ongoing research is to gain an understanding of the metallurgical causes for HAZ microfissuring as well as to study the effect of initial microstructure on HAZ microfissuring during electron beam welding of INCOLOY903.
The bulk chemical composition ofthe alloy (mill analysis) in weight percent used in the present study, as obtained by the atomic absorption technique, is given in Table I .
The fusion zone and the HAZ microstructures were characterized by optical microscopy and analytical scanning and transmission electron microscopy. A JEOL JXA 840 scanning X-ray microanalyzer equipped with a TN 5500 EDS system and a JEOL 2000 FX transmission electron microscope/scanning transmission electron microscope equipped with a TN 5400 EDS system were used to carry out the microchemical analyses of various phases. The TEM/energy-dispersive spectroscope semiquantitative analyses were performed on interdendritic phases extracted on carbon replicas using theoretical CliffLorimer K-factors. At least 25 analyses were performed on each phase.
III. RESULTS AND DISCUSSION

A. Base Metal Microstructure
The details of the base metal microstructural characterization have been reported elsewhere.~11'2' 13~Sum-marizing, the microstructure priorto welding consists of a necklace structure with large warm-worked grains outlined by fine recrystallized grains,tlEl However, the proportion of the warm-worked grains to the fine recrystallized grains varied considerably from the inner edge of the ring to the outer edge. In all of the samples used in the present investigation, 95 pct of the grains were observed to be of the large warm-worked type.
During thermomechanical processing, fine MC carbides in the size range of 50 to 200/~and MNP phosphides in the size range of 0.1 to 0.5 /xm precipitate along grain boundaries. The phosphides are observed to be of equiatomic MNP-type, with Nb occupying the M sites and Co, Fe, Ni occupying the N sites. They have an orthorhombic crystal structure (space group pnma), with a lattice parameter of a = 5.99 A, b = 3.35 /~, and c = 7.06~. From the microanalytical data, it was also suggested that some boron substitution for phosphorus is likely.The carbides are MC type, with an facecentered cubic (fcc) crystal structure and an average lattice parameter of 4.43/~. The average chemical composition of the metallic components of the fine carbides as determined by TEM/EDS is 79.5 at pct. Nb and 20.5 at pct Ti. The proportion (volume fraction) of MNP phosphides was far greater than the fine carbides. Large Nb-rich carbides/carbonitrides formed during ingot solidification were observed scattered all through the matrix aligned along the long dimension ofthe warm-worked grains, t12~These insolubles have an inner nucleus rich in titanium and an outer crust rich in niobium. 
